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Here, we present the first in vivo non-invasive measurement of the axon diameter distribution in the rat corpus callosum.
Previously, this measurement was only possible using invasive histological methods. The axon diameter, along with other
physical properties, such as the intra-axonal resistance, membrane resistance and capacitance etc. helps determine many impor-
tant functional properties of nerves, such as their conduction velocity. In this work, we provide a novel magnetic resonance
imaging method called AxCaliber, which can resolve the distinct signatures of trapped water molecules diffusing within axons
as well as water molecules diffusing freely within the extra-axonal space. Using a series of diffusion weighted magnetic
resonance imaging brain scans, we can reliably infer both the distribution of axon diameters and the volume fraction of
these axons within each white matter voxel. We were able to verify the known microstructural variation along the corpus
callosum of the rat from the anterior (genu) to posterior (splenium) regions. AxCaliber yields a narrow distribution centered
~1 pm in the genu and splenium and much broader distributions centered ~3 um in the body of the corpus callosum. The axon
diameter distribution found by AxCaliber is generally broader than those usually obtained by histology. One factor contributing
to this difference is the significant tissue shrinkage that results from histological preparation. To that end, AxCaliber might
provide a better estimate of the in vivo morphology of white matter. Being a magnetic resonance imaging based methodology,
AxCaliber has the potential to be used in human scanners for morphological studies of white matter in normal and abnormal
development, and white matter related diseases.
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Abbreviations: ADC = apparent diffusion coefficient; ADD =axon diameter distribution; CHARMED = Composite Hindered and
Restricted Model of Diffusion; DTl =diffusion tensor imaging; DWI =diffusion weighted imaging; EPlI=echo planar imaging;
FA = fractional anisotropy

Introduction

The inner diameter of axons is an important structural/morpholog-
ical property of white matter fascicles. The axon diameter along
with other physical properties, such as the intra-axonal resistance,
membrane resistance and capacitance etc. helps determine many

important functional properties of nerves, such as their conduction
velocity (Hursh, 1939; Tasaki, 1943; Waxman, 1980; Ritchie,
1982; Waxman et al., 1995). Thus, the axon diameter distribution
(ADD) is related to the rate of information transfer of a nerve
bundle or fascicle. By interference, the distribution of axon dia-
meters in different white matter fascicles within the CNS and PNS
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helps determine the performance of various pathways that they
mediate (Waxman, 1980; Waxman et al., 1995; Olivares et al.,
2001).

The fibre composition of white matter regions is determined
within the first few years of life through the myelination process.
It is evident that abnormal development of the white matter itself
or of the cortex will influence axon properties in white matter
fascicles. For instance, it is suspected that the diameter distribution
of axons in the corpus callosum is altered in autism (Piven et al.,
1997; Hughes, 2007), dyslexia (Njiokiktjien et al., 1994), and even
in schizophrenia (Randall, 1983; Rice and Barone, 2000).
Moreover, the axon diameter distributions were found to change
following exposure to alcohol (Livy and Elberger, 2008) and other
toxic drugs. As structure and function are strongly linked in the
brain, the measurement of a local structural property is useful in
exploring the development of CNS, the effect of neurological dis-
eases, and the correlation of the structural properties with func-
tional and cognitive abilities.

The ADD is traditionally measured using invasive and destructive
histological procedures such as electron microscopy and therefore
suffers from the limitations of histological procedures: the need to
work on post mortem tissue, artifacts caused by fixation and cut-
ting (tissue disintegration, fracturing and shrinkage) (Virtanen
et al., 1984), and the possibility of sampling and studying only
small tissue regions (fields of view <0.1 mm). As a consequence,
the relevance of histological findings to in vivo white matter is
limited and such histological analysis should not be viewed as a
‘gold standard'’. In addition, histological procedures preclude per-
forming developmental studies (on the same subject or animal).
Finally, surgically extracting and preparing brain tissue from small
rodents such as mice and rats is extremely challenging, often
resulting in significant tissue damage.

Recently, a diffusion MRI based methodology, AxCaliber, was
proposed to measure the ADD of white matter structures on a
voxel by voxel basis (Assaf et al., 2008). AxCaliber uses diffusion
weighted MRI data along with a model of intra- and extra-axonal
water diffusion to infer the ADD within a pack of nerve axons
(Assaf et al., 2004, 2008; Assaf and Basser, 2005). Specifically, the
model assumes that within axons water diffusion is restricted by
the surrounding axonal and myelinated membranes, whereas out-
side the axons, water diffusion is relatively free or hindered (Assaf
et al., 2004; Assaf and Basser, 2005). By varying both the diffu-
sion time and the diffusion weighting, one can estimate the ADD
that represents the best fit of the analytical model to the exper-
imental magnetic resonance data (Assaf et al., 2008). Using this
framework, three properties can be inferred: the volume fraction
of the axonal compartment (i.e. axonal density), the extra-axonal
diffusivity, and the axon diameter distribution. The latter can be
estimated either by using a pre-defined parametric probability dis-
tribution (e.g. a y-distribution) (Assaf et al., 2008) or by using a
non-parametric approach (Assaf and Basser, 2007). AxCaliber was
previously applied to measure the ADD of excised neuronal tissue
(Assaf et al., 2008).

In this work, we applied AxCaliber to measure, for the first time,
ADD of the rat's corpus callosum in vivo. The corpus callosum
is the largest neuronal fibre pathway in the brain, which
mediates sensory and cognitive information transfer between the
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two hemispheres. As the structure connects different regions
between hemispheres (e.g. sensory-motor regions and high cog-
nitive performance regions), the architectural and structural fea-
tures of the white matter can vary significantly from the anterior
to posterior portions (Aboitiz et al., 1992; Olivares et al., 2000,
2001; Aboitiz and Montiel, 2003). Histological studies showed that
fibres that connect the sensory-motor and visual regions require
fast transmission and that a significant portion of these axons have
a large diameter (>3 um). Other regions more related to higher
cognitive functions; however, exhibit smaller axon diameters
with a narrow distribution. There are many known callosal dis-
orders related to abnormal development of the corpus callosum
(Kamnasaran, 2005; Aboitiz and Montiel, 2003). In addition, the
size of the structure varies between different groups (e.g. males
versus females, left handed versus right handed, etc.) (Aboitiz
et al., 1992; Olivares et al., 2000; Olivares et al., 2001; Aboitiz
and Montiel, 2003). However, despite these drawbacks, within the
scope of this paper we use this brain region as a model system for
white matter tissue. The corpus callosum is optimal for implemen-
tation of AxCaliber in vivo as the fibres alignment with respect to
the scanner can be easily determined. Therefore, we demonstrate
how MRI can estimate useful structural features of this structure.

This article will describe the ability of AxCaliber to distinguish
among white matter regions with different ADDs in the corpus
callosum. In addition, we will discuss the relationship among
AxCaliber measurements, histological analysis, and the tradi-
tional MRI-based white matter parameters (e.g. the fractional
anisotropy).

Methods

Animal preparations

Three male 4-month-old Wistar rats were anesthetized with ~2%
isoflurane in oxygen throughout the MRI experiments. Body temper-
ature was monitored and maintained at 38°C with a warm water cir-
culation system. The respiratory rate was monitored with a pneumatic
sensor placed under the abdomen of each rat.

MRI experiments

MRI was performed on a 7T/30 MRI scanner (Bruker, Germany)
equipped with a gradient system with a maximal gradient strength
of 400 mT/m. For excitation we used a body-coil (outer/inner diame-
ter of 112/72 mm) and a surface coil (10 mm diameter) as a receiver.

The AxCaliber experimental protocol consisted of a series of
diffusion-weighted stimulated-echo echo-planar imaging (EPI) acquisi-
tions with the following parameters: TR/TE=1500/23 ms, §=3.2ms,
Gmax=282mT/m, 16 diffusion gradient increments (linearly from 0 to
282mT/m), 12 averages and four EPI shots. The maximal b-value
(at the longest diffusion time, see below) was 5180s/mm?. The field
of view was 16 mm?, the matrix size was 128 x 96 (reconstructed to
128 x 128) with a resolution of 0.125 x 0.125mm? for the final
images.

The diffusion gradients were applied only along the x-direction,
which is perpendicular to the fibres within the corpus callosum in
the mid-sagittal plane. The experiment was repeated for five different
diffusion times: 11, 20, 30, 60 and 100 ms. Images were acquired in
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the sagittal plane with seven 1.8 mm thick slices and no gap between
slices. Only the mid-sagittal slice was analysed where the diffusion
gradient direction is exactly perpendicular to the fibres. The entire
diffusion weighted imaging (DWI) dataset consisted of 80 images
per slice acquired in 1.5h.

In addition to the AxCaliber dataset, we also acquired a diffu-
sion tensor imaging (DTI) dataset with an DWI EPI sequence:
TR/TE=4000/30ms, A/§=15/4ms, measured at 15 non-collinear
gradient directions with a b-value of 1000s/mm?. The DWIs were
acquired in the sagittal plane with seven 1.8-mm thick slices and no
gap between slices, with a field of view of 16 x 12mm? with a matrix
of 96 x 96 (reconstructed to 128 x 128) with a reconstructed image
resolution of 0.125 x 0.093 mm?, two averages and four EPI shots. All
diffusion scans were done with respiratory gating to reduce the effects
of respiratory motion.

For anatomical reference, we acquired proton density and
Ty-weighted images using a multi-spin multi-echo sequence with the
following parameters: TR=2000ms with two different effective TE,
12ms and 63 ms for proton density and T,-weighted images, respec-
tively; field of view of 32 x 32mm?; and a matrix size of 256 x 256,
which yielded a spatial resolution of 0.125 x 0.125mm?, with two
averages.

AxCaliber analysis

AxCaliber MRI extends the composite hindered and restricted model
of diffusion (CHARMED) MRI framework (Assaf et al., 2004; Assaf
and Basser, 2005). In general, the CHARMED framework combines
contributions of hindered and restricted diffusion arising from the
extra- and intra-axonal spaces, respectively. As a consequence, differ-
ent properties of the intra-axonal space, such as axonal density and
orientation, could be inferred. The ADD was originally set within
CHARMED to a known averaged distribution of fibres in brain tissue
to limit computational complexity (Assaf et al., 2004; Assaf and Basser,
2005). In contrast to CHARMED, AxCaliber is designed to measure the
ADD but not the axon orientation (which is assumed to be known
using other methods). In AxCaliber, diffusion gradients are presumed
to be applied perpendicular to the fibre direction (Assaf et al., 2008).
The multi-diffusion time DWI measurement allows AxCaliber to tease
apart the signals from axons with different diameters. At short diffu-
sion times only small diameter axons exhibit restricted diffusion. As the
diffusion time increases, restricted diffusion will be apparent even in
larger axons. AxCaliber calculates the estimated signal decay for a
series of axon diameters weighted by a diameter distribution function
(in previous works we used a y-distribution). The distribution function
is then optimized to provide the best fit to all the signal decay data
simultaneously. A full description of the AxCaliber framework is
beyond the scope of this paper but is provided in (Assaf et al., 2008).

AxCaliber was previously applied to excised nerve tissues (Assaf
et al., 2006, 2008). In this work, we applied this framework for
the in vivo measurement of the fibre composition in the corpus
callosum. In vivo measurements introduce an additional factor—CSF
contamination-that is not apparent in excised tissue experiments. To
model the partial volume effect of CSF contamination, we added a
free diffusing compartment with a fixed diffusion coefficient to the
general AxCaliber Equation (Eq. 1).

E(g,A) = fiy - En(@,A) + ;- En(g,A) + fesk - Ecse(g,A)  (T)

Equation (1) describes the contribution of each diffusion compartment
to the measured signal decay E(g,A), where f,, and Ey, are the respec-
tive volume fraction and signal decay of the hindered compartment
(extra-axonal space), f, and E, are the respective volume fraction and
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signal decay of the restricted compartment (intra-axonal space), and
fcse and Ecse are the respective volume fraction and signal decay of
the CSF compartment. The analytical expressions for E, and E, have
been described previously. Ecsg is modelled using the 1D Stejskal-
Tanner equation (Eq. 2):

Ecsr = exp(—y?8g”Dese(A — §/3)) )

where y is the gyro-magnetic ratio, § is the gradient duration, A is the
diffusion time and Dcs is the CSF diffusion coefficient (~3 pm?2/ms).

The signal decays obtained at different diffusion times were fitted
on a pixel-by-pixel basis simultaneously with AxCaliber (Eq. 1). The
ADD appears within the intra-axonal component (£,) and its weights
are given by a gamma function:

a?—1e—a,/ﬁ
BT ()

where w; is the weight for the signal for an axon with diameter a;. The
total number of fitted parameters was five: the volume fraction of the
hindered and the CSF components (f, and fcse, respectively),
the diffusivity of the hindered component (Dy) and parameters of
the y-distribution (o and B). The intra-axonal diffusivity, which was
set to 1.4 um?/ms.

In order to visualize the ADD pattern along the corpus callosum, we
used a clustering algorithm (k-means with correlation as the distance
measure) with AxCaliber's extracted parameters (Dy, f, « and B) used
as inputs. Additional information was the spatial location of the voxels
which was used only to mark non-adjacent regions with similar ADD
into different clusters. The number of clusters (k) was incremented
until no additional information was observed, and finally was set to
seven clusters, one of which was assigned outlier pixels.

3)

wi(a;; o,p) =

Histological analysis

Electron microscopy was performed to estimate the ADD along the
corpus callosum by histology. One of the rats was sacrificed and
perfused with a paraformaldehyde and glutaraldehyde (50:50)
solution. The corpus callosum was isolated and cut into five regions
of 1mm?. Each region was fixed in 2.5% glutaraldehyde, osmificated,
dehydrated with a graded series of ethanol and propylene oxide,
and embedded in Araladite solution (Polysciences, Inc., USA). Micro-
sections (70-100nm) were cut in an ultra-microtome (ultracut S,
Reichert, Leica, Sweden). Sections were collected over gelatin slides
incubated with a 1% toluidin blue stain for 1 min and examined using
a transmission electron microscope (JEM-EX 1200, Jeol, Japan) for
analysis. The images were taken with a magnification factor of 15000.

Analysis of the ADD in the electron microscope images was per-
formed using NIH Image (Bethesda, MD, USA). The axons were
selected semi-automatically using threshold segmentation. The thresh-
old (manually adjusted) was used to segment the image into axonal
spaces and extra-axonal spaces following which automatic analysis of
the area and diameter of each axon could be achieved. The diameter
of each axon was estimated from its transverse area. Following this
procedure a histogram of the diameter distribution of each region was
generated and compared with the measured ADD from AxCaliber
analysis.

Statistical analysis

Statistical analysis was done to assess the difference between the
corpus callosum clusters found by the k-means analysis. Each pixel
in each cluster was regarded as an individual observation. The data
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were tested for statistical significance using a repeated
measure ANOVA with the clusters as the independent factor and
the y-distribution parameters as the repeated variable.

Results

The aim of this work was to extract the ADD from the corpus
callosum of the rat brain, in vivo, using diffusion MRI measure-
ments. The analysis of the diffusion MRI measurements was done
with the AxCaliber framework and is described below. For com-
parison and validation of the AxCaliber results, the rat brains were
removed and prepared for electron microscopy.

Electron microscopy analysis

Figure 1 shows a mid-sagittal T,-weighted MRI with the corpus
callosum outlined. Following the MRI acquisition, the corpus cal-
losum was cut into five segments and a few electron microscopy
images (16 images per segment resulting in ~1000 measured
axons) were acquired for each segment. A representative image
for each section is given in Fig. 1. The extracted axon diameter
histograms were measured for each segment (see Methods
section) and are depicted below the corresponding electron
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microscopy image. From the electron microscopy images and his-
tograms, it is obvious that the ADD changes significantly along the
corpus callosum, as expected, with narrow distributions at the
genu and splenium and much broader distributions in the body
of the structure.

AxCaliber and DTI analysis

AxCaliber analysis was performed on a voxel-by-voxel basis pro-
viding a set of fitted parameters including: the volume fractions of
the CSF compartment, the hindered and restricted component, the
diffusivity of the hindered component, and the « and B para-
meters of the y-distribution. The y-distribution is used parametri-
cally to describe the ADD in each voxel. Figure 2 shows a
representative dataset for one rat including the different estimate
parameters from AxCaliber as well as conventional DTI analysis.
Figure 2A shows a mid-saggital T,-weighted MRI with an inset
showing the corpus callosum. Figure 2B and C depict the fractional
anisotropy (FA) and the mean apparent diffusion coefficient (ADC)
maps extracted from DTI analysis. The fcse map shows the mag-
nitude of CSF contamination along the corpus callosum (Fig. 2D).
The body of the structure has much higher CSF contamination
than the genu and splenium, probably due to its smaller volume.
The volume fraction of the hindered component was similar along
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Figure 1 MRI and histological analysis of the corpus callosum. A mid-saggital T,-weighted MRI of the rat brain with an inset
containing the corpus callosum. The corpus callosum is sectioned into five segments from which histological specimens were taken.
For each segment a representative electron-microscopy image is given along with the corresponding ADD histogram. Note the

difference in ADD along different areas of the structure.
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most parts of the area with slightly lower values when approach-
ing the genu (Fig. 2E). The volume fraction of the restricted part
changes dramatically along the structure with a much higher
volume fraction at the genu and splenium (Fig. 2F) perhaps
because these regions are characterized by a higher density
of small axons (Fig. 1) and a higher fraction of the axonal com-
partment. The ADC of the hindered component appears to be
uniform along the corpus callosum with a higher diffusivity at its
body (Fig. 2G) suggesting that the space between axons may be
larger at the body than that at the genu and splenium. Figure 2H
and | depict the o and B parameters of the y-distribution.

To have a better understanding of the meaning of the « and
parameters, we computed the ADD for selected groups of voxels
along the corpus callosum that represent each of the five
segments (as shown in Fig. 1). Figure 3 shows a mid-saggital
T,-weighted MRI with the region of interest marked in white
(2 x 3 voxels). The computed ADDs for the selected voxels of
each region are presented below the image. All the presented
ADDs have identical axis proportions/properties, where the
x-axis represents the mean axon diameter and the y-axis is the
probability for each diameter. It is clear that the fibre composition
within different regions of the corpus callosum is homogeneous—
most of the voxels at its genu and splenium have a narrow distri-
bution while the voxels at the body have a much broader
distribution.

Clustering analysis

To visualize the difference in the computed ADD without the need
to explore the y-function for each voxel, we used cluster analysis
to segment the corpus callosum based on the ADD parameters.
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The cluster analysis for a representative rat is shown in Fig. 4A
(inset shown in Fig. 4B). Seven clusters were input, one of which
represented noise or partial volume at the edges of the corpus
callosum. The remaining six clusters represented five segments
of the structure (i.e. two clusters were merged). The red, brown
and orange clusters in Fig. 4 correspond to the genu, the blue and
cyan clusters correspond to the body and edge of the splenium,
and the light green cluster corresponds to the splenium. The com-
puted AxCaliber ADDs are shown for the five segments in Fig. 4C.
The AxCaliber and electron microscopy ADDs (as shown in Fig. 1)
show good agreement: a narrow distribution in the genu and
splenium, and a much broader distribution in the body. It should
also be noted that the means of the AxCaliber ADDs are slightly
higher than those of the electron microscopy distribution. Figure 5
shows cluster analysis for three different rats that segment the
corpus callosum into five distinct areas. The clusters as well as
the measured AxCaliber parameters such as the computed ADDs
in each cluster (data not shown) were similar in all rats.

Correlation between AxCaliber
parameters and DTI indices

We also performed a correlation analysis between DTl and
AxCaliber derived parameters (Fig. 6). In general, the extracted
ADD from AxCaliber did not correlate well with any DTI indices
(ADC, FA and axial and radial diffusivities in Fig. 6B, respectively).
The ADD had a negative correlation with all parameters except for
the radial diffusivity where a positive correlation was found.
Interestingly, the highest and most significant correlation was
found between the mean diameter obtained from the ADD and

Figure 2 AxCaliber analysis of the rat corpus callosum. (A) A mid-saggital T,-weighted MRI with an inset containing the ROI (B) and
(C) FA and mean ADC maps of the same slice in (A) computed from DTI dataset. (D-F) The volume fractions of each of the AxCaliber
components: CSF (D), hindered (E) and restricted/axonal (F). (G) Map of the ADC of the hindered component of AxCaliber. (H and I)
Maps of the « and B parameters of the y-distribution representing the computed ADD.
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Figure 3 Axon diameter distribution analysis along the corpus callosum. A mid-saggital T,-weighted MRI with five regions of interest
outlined representing the five segments shown in Fig. 1. Each region was consisted of 2 x 3 voxels. The computed ADD from AxCaliber
for each voxel within each region is depicted at the bottom. Note the homogenous pattern of ADD within each region and the large
differences between them. All ADDs are in the same proportion, the x-axis represents the axon diameters (from O to 6 um) and the

y-axis represents the probability (from O to 0.3).
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Figure 4 Cluster analysis of the axon diameter distribution along the corpus callosum. (A) A mid-saggital T,-weighted MRI with the
AxCaliber clusters superimposed, enlarged at (B). (C) The AxCaliber averaged ADDs for the different clusters given in (A) and (B); note

that the colours of the graphs match the clusters’ colours.

the axial diffusivity (R?=0.33, P<0.0001). Indeed, the axial diffu-
sivity and FA maps (third and second images in Fig. 6A, respec-
tively) can be visually divided into the different segments of the
corpus callosum. This might be a result of CSF contamination that

has the same pattern (Fig. 2D). The weakest correlation was found
between the ADC and mean ADD. In addition, the graphs show
the limitation of AxCaliber as it could not extract mean axon
diameters smaller than 0.4 um indicated by the floor effect (Fig. 6).
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Figure 5 Cluster analysis of the axon diameter distribution
for different rats (A-C). A mid-saggital T,-weighted MRI with
the AxCaliber cluster superimposed for three different rats.
Note that the colours of the clusters for the three rats are
matched. Also note the high similarity of the cluster pattern
among the rats.

Discussion

This article reports the first in vivo measurement of the ADD
based on the diffusion/displacement properties of water molecules
in white matter demonstrated on the rat's corpus callosum.
Conventional measurement of the ADD requires sacrificing the
animal and excising, fixing, sectioning, staining and image process-
ing only a small portion of the tissue sample. The ability to obtain
the ADD, in vivo, within each image pixel turns MRI into a virtual
microscope.

AxCaliber has all the advantages of other MRI based methodol-
ogies, especially speed and non-invasiveness. In particular, as a
tool for measuring the ADD, it allows one to probe large tissue
regions without being a propensity to histological preparation arti-
facts. It should be noted, however, that this methodology has
some of the limitations that affect any other diffusion MRI
based method. As a diffusion based framework, AxCaliber is lim-
ited in the range of experimental diffusion times and length scales
that it can probe (see limitations below). A specific limitation of
AxCaliber, in its present form, is the need to observe displace-
ments exactly perpendicular to the fibre direction.

AxCaliber measures a morphological parameter of the tissue,
the ADD. However, it is a known concept in neuroscience that
morphology and function are linked therefore the ability to esti-
mate or measure fine morphological features may imply on the
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functionality of the tissue. Using this concept, AxCaliber may help
to advance our knowledge on the functional deficits that occur in
various brain diseases and disorders.

Validation of AxCaliber

AxCaliber has already been tested and validated using a number
of means (Assaf et al., 2006, 2008). First, we subjected the
method to synthetic datasets in which we generated mathematical
axons with a known parametric ADD (Assaf et al., 2006, 2008).
We then used the AxCaliber modelling framework to estimate or
infer the ADD from these synthetic tissue specimen. Moreover, we
have used AxCaliber to estimate the ADD within fixed porcine
spinal cord, optic nerve and sciatic nerve specimens and then
compared these findings to those obtained with histology using
a variety of myelin and tissue staining techniques (Assaf et al.,
2008).

For a fixed specimen, histological analysis provides the ground
truth for validating the AxCaliber ADD. However, in vivo, the
situation is more complicated. In general, good agreement was
found between the AxCaliber and electron microscopy ADDs.
However, we consistently observe that the mean ADD using
AxCaliber is larger than the mean ADD obtained from histological
analysis. It should be noted that tissue shrinkage is seen as a
possible confound in the histological preparation of neural tissue
(Virtanen et al., 1984). This result is not surprising because the
dehydrating effect of formaldehyde and its specific interactions
with macromolecules comprising the neural tissue could easily
explain the reduction in tissue volume and axon diameter.
Moreover, in previous work where AxCaliber was validated on
excised and fixed tissue the histological and AxCaliber ADDs did
not differ significantly (Assaf et al., 2008). This implies that the
shift of the ADD to larger values in the in vivo experiment can be
explained by the histological shrinkage effect and not computa-
tional or model artifact.

In addition to the ADD, AxCaliber extracts other parameters
such as the fractional volume of each compartment (Fig. 2D-F).
The volume fraction of the axonal compartment is estimated at
~20% with AxCaliber (Fig. 2F) while histological analysis reveals
much higher fraction. It should be noted that these are only rel-
ative fractions and are weighted by the MRI T1 and T2 relaxation
times which may be different for each compartment. This could
explain the discrepancy between the MRI and histological volume
fractions.

MRI of the corpus callosum

Various MRI methods have been used to image the corpus callo-
sum (Georgy et al., 1993; Uchino et al., 2006). High resolution T1
MRIs show significant contrast between grey and white matter,
but are inherently insensitive to white matter microstructure and
micro-architecture. Magnetization Transfer MRI is dependent not
only on myelin content, but also on many other factors, making it
both non-specific and non-quantitative in relation to the ADD. DTI
provides various measures of diffusion anisotropy that are useful
in depicting white matter (Basser et al., 1994; Basser, 1995;
Pierpaoli and Basser, 1996; Pierpaoli et al., 1996; Basser and
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Figure 6 Comparison of AxCaliber with DTI. (A) The indexed DTI maps of the ADC, FA and longitudinal (1) and radial diffusivities
[(A; +23)/2] of the same rat shown in Figs 1-3. (B) Correlation between each of the DTI indices and AxCaliber's mean axon diameter
(averaged from the computed ADD). Note that the correlations are relatively poor. The statistical significance in correlations was

P <0.00001).

Pierpaoli, 1998; Basser and Jones, 2002). These anisotropy mea-
sures, however, are sensitive to many micro-structural features of
white matter, such as ADD, the axon population fraction or den-
sity, the orientation distribution of axons, and the degree of mye-
lination (Pierpaoli et al., 1996; Song et al., 2005; Sun et al., 2006;
Budde et al., 2007; Assaf and Pasternak, 2008). Therefore, FA and
other similar parameters are non-specifically related to axon com-
position and micro-architecture although they are affected by
them (Fig. 6). The ADC in normal brain parenchyma is so uniform
that it is often difficult to distinguish between grey and white

matter. We performed a correlation between the different DTI
indices and the mean axon diameters (as extracted from
AxCaliber) on a voxel-by-voxel basis (Fig. 6). Indeed a weak cor-
relation was found between them where the weakest correlation is
with the ADC and the strongest is with axial diffusivity. We found
that the radial diffusivity was positively correlated with the mean
axon diameter while the axial diffusivity was negatively correlated
with it. It can be speculated that small mean axon diameter will
lead to high axonal density and thus to overall reduced radial
diffusivity, hence a positive correlation between these parameters
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is expected. Concomitantly, high packing of the axons causes high
tension (or stretching) of the fibres, which in turn increases the
axial diffusivity (i.e. less disturbances to diffusion along the fibres),
hence negative correlation between the two parameters is
expected. On the other hand, one cannot rule out the effect of
CSF contamination on the axial diffusivity since it is more prom-
inent in regions of broad ADD (Fig. 3D). Finally, although some
correlation between the DTl indices and the axon diameter is pres-
ent (Fig. 6), the relationship between the two parameters is not
straightforward.

Currently, no other existing MRI methodology can provide spe-
cific anatomical or microstructural information about packs of
axons, as AxCaliber does. Previous works tried to use geometrical
models of diffusion in white matter to extract the mean axon
diameter (but not the distribution) (Stanisz et al., 1997). Such
approaches found good correlation between the histological mea-
sures and the model estimations (Stanisz et al., 1997; Ong et al.,
2008). Other works tried to use the g-space approach to estimate
the displacement distribution function from which the mean axon
size can be calculated (Assaf et al., 2002b; Ong et al., 2008). In
general the g-space analysis provides a better estimation of the
axonal compartment than regular DTl but as noted above does
not directly measure the ADD (Assaf et al., 2002a). Moreover, the
pattern of the ADDs along the corpus callosum fits its known
anatomical and functional organization. While regions that need
fast and efficient transmission are characterized by broad distribu-
tion, other areas have much narrower distributions centered on
small diameter values (Aboitiz et al., 1992; Olivares et al., 2000;
Olivares et al., 2001; Aboitiz and Montiel, 2003).

Applications of AxCaliber

Applications of AxCaliber are expected to be widespread. Little is
currently known about the change in the ADD in normal and
abnormal development. AxCaliber provides a new tool for such
developmental studies (on a large population), since its non-
invasive character provides opportunities to follow changes in
ADD longitudinally. In the clinic, one can anticipate many diag-
nostic uses in neuroradiology and neurology. Many disorders
including neuritis, MS, ALS and Guillain-Barre may result in
changes in ADD. It is reasonable to speculate that there are appli-
cations in psychiatry where the ADD may be implicated in a
number of cognitive and behavioural disorders, disconnection syn-
dromes and psychiatric conditions (e.g. schizophrenia). The ADD,
because of its intimate connection with the information carrying
capacity and signal latency in white matter pathways, is expected
to play an important role in normal brain function, particularly
in mediating communication between different brain regions.
Therefore, deviations from normal ADDs may provide an
anatomical substrate for many disorders. The ADD could also be
useful in monitoring the efficacy of the various regenerative (e.g.
stem cell) and gene therapies as well as in assessing the effective-
ness of different neuroprotective or psychiatric drugs. It could also
be used to follow the effects of different endogenous chemicals,
such as hormones, growth factors, tissue necrosis factors, etc.
This approach could be also used to assess the effect of different
genes on the nervous system in knock-out or knock-in studies.
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In the neurosciences AxCaliber could be used to estimate infor-
mation transfer and processing limits along different white matter
pathways, leading to a better understanding of information flow
and transfer in the nervous system overall. It is reasonable to
speculate that AxCaliber could be used to study nerve routes
from the spinal cord as well as a variety of peripheral nerve
bundles, such as the sciatic nerve and radial nerve.

The basis of AxCaliber is the differentiation between two modes
of diffusion: hindered and restricted. In AxCaliber the restricted
diffusion component is represented by a set of cylinders with vari-
able sizes. In a similar manner, it is possible to define a model of
diffusion within spheres that will be able to infer the microstruc-
ture features of grey matter extracting parameters such as cell size
distribution and cellular density. However, a model of diffusion
in grey matter should include additional factors to account for
exchange between the different compartments.

Limitations

AxCaliber is subject to a number of limitations. It is based on a
model of intra- and extra-axonal diffusion (CHARMED), which
may or may not apply in all white matter regions, where for
instance, compartmental exchange may be important. In addition,
this model assumes that the diffusion gradients applied are ortho-
gonal to the axon fibre axis, although it can be generalized to
three dimensions. However, a 3D AxCaliber acquisition and ana-
lysis might be too computationally taxing to be practically feasible.
The corpus callosum is the best fibre system to test AxCaliber
due to its ordered alignment and thickness; however, applying
the methodology on other fibre systems is possible by knowing
a priori the path of the fibres (e.g. from DTI based tractography).
This procedure, however, will require additional development of
the methodology. One option is to acquire the multi diffusion time
dataset using several gradient directions and estimate, based on
the eigen-vectors derived from DTI analysis, the signal decay as if
it were measured perpendicular to the fibres. It should be noted
that such modification will not be valid in areas where fibres kiss,
cross, twist or splay. AxCaliber also uses a parametric statistical
distribution for the ADD—a y-distribution—which might not be
appropriate for pathological conditions. In this case, the ADD
could be estimated using a non-parametric procedure (Assaf and
Basser, 2007). The limitations in the ability to apply short pulsed
field gradients or long diffusion times limits the ultimate range of
diameters one can probe with this technique (Mitra and Halperin,
1995; Codd and Callaghan, 1999). For example, Fig. 6 shows that
the smallest axon diameter that could be extracted was only
~0.4um, which lead to the floor effect of the ADD. This is a
result of the maximal g value used in the experiment that can
not probe smaller displacements.

AxCaliber can be applied clinically without much modification to
the MRI pulse sequences used in this rat brain study. One must
appropriately account for the ‘fat’ or long-duration pulsed field
gradients used to obtain diffusion weighted image data and func-
tion within the limitations of gradient strength imposed by the
scanner hardware (Codd and Callaghan, 1999). New methods to
account for the effect of ‘fat pulses’ have already been developed



MRI of axon diameter distribution

for this purpose, and must be used to interpret data obtained
using conventional clinical DWI sequences.

Conclusions

As function and anatomy are strongly linked in the nervous
system, the ADD is clearly an important anatomical parameter
that affects key functional properties of nerves and nerve path-
ways. Because of the inability, to date, to measure this parameter
non-invasively and in vivo, little is known about its changes in
normal and abnormal development; its alterations in aging; degen-
eration and disease; and its effect on brain function. We believe
that the advent of AxCaliber, and its use on the corpus callosum
and eventually in other pathways in the CNS and PNS, will
advance many practical clinical applications as well as our under-
standing of the function of the nervous system.
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